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Inelastic proton scattering via isobaric analog resonances allows to derive rather complete infor- 
mation about neutron particle-hole states. We applied this method to the doubly-magic nucleus 
^''^Pb by measuring angular distributions of ^''*Pb(p, p') on top of the isobaric analog resonances in 
^''^Bi with the Q3D magnetic spectrograph at Miinchen. We identify the six states of the iii/2f5/2 
multiplet and the four states of the iii/2P3/2 multiplet in the energy range 4.6 MeV < < 5.3 MeV. 
Firm spin assignments for the ten states are given, some of them new. Additional measurements of 
the reaction ^''^Pb(d, p) confirm the fragmented iii/2Pi/2 multiplet. 

PACS numbers: 21.10.-k,21.10.Hw,21.10. Jx,21.60.-n,21.60.Cs,25.40.Ep,25.40.Ny 



I. INTRODUCTION 

^°*Pb is the heaviest easily accessible doubly magic 
nucleus. It is an ideal test laboratory to study the shell 
model in detail. For a wide range in excitation energy 
one-particle one-hole excitations are dominant, only at 
an excitation energy above i?j;=5.3MeV four quasiparti- 
cle excitations resulting from collective two-phonon oc- 
tupole modes jii, i2||, start to contribute. The structure 
of the observed states is in agreement with theoretical 
expectations up to =4.5 MeV At higher ener- 

gies, despite impressive experimental research |^ not 
all states expected from the shell model have been de- 
tected. Many spin assignments are still ambiguous and 
in addition there are more states than expected in the 
1-particle 1-hole frame. 

Much information has been obtained by inelasting pro- 
ton scattering via isobaric analog resonances (lAR-pp'). 
lAR-pp' is a selective reaction, sensitive to the neutron 
particle-hole components of the structure only. In this 
way the observed cross sections, its excitation functions 
and angular distributions, provide direct information on 
quantum numbers and amplitudes of the respective par- 
ticle-hole configurations. 

Early measurements of inelastic proton scattering via 
lAR 7, 8, 9, 10, 11, 12, 13, 14, 15] provided detailed 
information about the complex mixture of the neutron 
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particle-hole configurations. Since many years little work 
has been done in this field, we mention, however, the 
recent work done with the EUROBALL cluster detector 
. The main reason is the need for an energy resolution 
of better than 5 keV in the spectra. At excitation energies 
£;j;=4.2-4.8MeV in ^o^Pb there are a few doublets with 
a spacing below lOkeV. In the region i?2.=5-6MeV the 
average distance of the known levels is already less than 
lOkeV. The work done in the 1960s by [H iH El 13 
improved the energy resolution from 35 to ISkeV; some 
data were obtained using a magnetic spectrograph of 9- 
13keV resolution |7l[li|. 

The present status of the Q3D facility at Miinchen 0, 
0,0,01 allows to take (p, p') spectra with a resolution 
of about 3 keV within an energy span of around 1 MeV 
and high counting statistics on all known lAR in ^°^Bi 
and up to excitation energies of at least 8 MeV. 

The lAR-pp' data are complemented by high statistics 
^''^Pb(d, p) neutron transfer spectra, where the observed 
transfer quantum numbers are identical with the neutron 
particles coupled to the pi/2 hole configuration of the 
target ^°''Pb in its ground state. 

In this paper we concentrate on the energy range 
Ex=A.5 -5.3 MeV, a region of considerable level density 
(at least 35 levels). We identify all members of the shell 
model configurations iii/2f5/2 and iii/2P3/2- Because of 
the large value of the orbital angular momentum, the 
multiplet states based on the iii/2 neutron particle are 
weakly excited. It is one further step towards the goal 
of complete spectroscopy, as started in the early attempt 
pO] to derive "complete wave functions" and the residual 
interaction among 1-particle 1-hole particle-hole configu- 
rations from experimental data alone. 
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II. SHELL MODEL 

In order to describe the structure of the excited states 
in ^°^Pb, we restrict the shell model wave function to 
the 1-particle 1-hole configurations, neglecting 2-particle 
2-hole and higher configurations. In the restricted shell 
model for ^°^Pb a state \al > is described by a superpo- 
sition of particle-hole configurations built from neutrons 
u and protons n relative to the 0+ g.s. of ^"*Pb, see 
Fig. ^ for the neutron particle and hole configurations 
LJ, V and Zj, 

\al >^Y.Y. CL./,y 1^-^' ^ > + 

LJ 1 3 
LJ Ij 

Here we characterize a state laJ > by its spin (always 
given together with the parity), a denoting the excitation 
energy and other quantum numbers. The excitation 
energy is often given as a label by using where known 
and omitting fractions of keV, so an adopted value of the 
energy may differ by 1 keV. If we restrict to this ansatz 
the amplitudes c^j'[^'^^ represent a unitary transforma- 
tion of the shell model particle-hole configurations to the 
real states \al >. 

We introduce the short-hand writing |LJ, v > for the 
neutron particle in the 6th shell with angular momentum 
L and spin J and similarly llj,^ > for the neutron hole 
in the 5th shell, |LJ, tt > for the proton particle in the 
5th shell, \lj,TT > for the proton hole in the 4th shell. 
We often omit the label ly and simply write e.g. c?5/2 
since we will essentially only discuss neutron particle- 
hole configurations in this paper. From the context e.g. 
the meaning of the neutron particle |LJ, v >= 6 ^5/2 can 
be distinguished from the proton hole \lj,Tr >= 4:d^/2- 

In the schematic shell model (SSM) the residual inter- 
action is taken to be zero. The splitting of the multiplets 
in the full shell model depends on the strength of the 
diagonal and nondiagonal matrix elements of the resid- 
ual interaction in •^"^Pb and of the relative separation of 
the undisturbed configurations in the SSM; matrix ele- 
ments in the order of magnitude of some tens of keV are 
expected 0. 

A rather pure structure will show up only in case of 
an isolated multiplet. Actually, however, the lowest 20 
states in 208p|-, ^j^^ <4.5MeV) are heavily mixed since 
here the h9/2Si/2 proton and the g9/2f5/2 neutron configu- 
rations have almost the same SSM energy, and similarly 
the h9/2d3/2 proton and the g9/2P3/2, iii/2Pi/2 neutron 
configurations. An early attempt 2(| determined the ma- 
trix elements of the effective residual interaction among 
particle-hole configurations in 208p|^ from the configu- 
ration mixing in the lowest 20 states. However, some 
spin assignments and identifications of the states below 
i?a;=4.50MeV were essentially settled by the later work 
of llj. In 1982, an update of the fit was done by one of 
us (A. H.); the results are shown in appendix A. There 



is a remarkable agreement with shell model calculations 

by m. 

In contrast, the two multiplets built from the iii/2 neu- 
tron particle and the f5/2 and the P3/2 neutron hole, pre- 
dicted at SSM energies £^^=4.780 and 5.108 MeV, respec- 
tively, are expected to be less mixed, at least for the high 
spin members (/ = 5, 6, 7, 8). 



FIG. 1: Sketch of the lAR-pp' scenario for '^°^Ph{p, p')^°*Pb* 
(scale of proton energy Ep,Epi at left). A single lAR state 
with spin I/J=iii/2 as the second member of the isobaric ana- 
log multiplet p''^Pb,^''^Bi, ■•■] is exemplified with one con- 
figuration iii/2f5/2, but all 45 excess neutrons Zj, including 
*ii/2 participate equally, see Eq. |21 The excitation functions 
of all lAR are shown for the two weakest lAR iii/2, ji5/2 
they are barely visible, therefore they are enhanced by a fac- 
tor 10 (thick curves at left). The energies of the particle and 
hole configurations \LJ, v >, \lj,v > are taken from |^. The 
penetrability of the Coulomb barrier can be estimated from 
the comparison of the maxima for the g9/2, g7/2 (drawn) and 
the d5/2, d3/2 (dotted) lAR. Similarly the penetrability of 
the outgoing particles Ij, v can be seen from the comparison 
of the mean cross section for the particle-hole configurations 
1*11/2, J' > ®\lh'<y > with spins I — J ~ j, . . . , j +j calculated 
from the s.p. widths derived by this work (lower left). 
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III. SELECTIVE REACTIONS 

Spectroscopic information about particle-hole configu- 
rations has been derived in addition to lAR-pp' from par- 
ticle transfer reactions ^*'^Pb(d, p), ^"^Bi(d, '^He), and 
209Bi(t, a) 0, II I 211 and from transitions due to the 
electromagnetic |3ll22j or the weak interaction lAR- 
pp' allows to identify the neutron components |LJ, ^ > 
> of particle-hole states. The quantum number 
of the selected lAR is identical to the quantum num- 
ber of the neutron particle configuration |LJ, >, the 
angular distribution of the inelastically detected protons 
carry the information on the coherent contribution of the 
excess neutrons \lj,v >. 



A. lAR-pp' 

We discuss the inelastic proton scattering via iso- 
baric analog resonances {lAR-pp') on a spin tar- 
get, IO+5.S. > — + IAR[LJ) |a/>, here specifically 
208p^^p^ p') proceeding via one of the lowest, well iso- 
lated lAR in 209Bi. 

The wave function of an lAR in ^"^Bi with spin LJ 
may be represented by 

|*i4^(209Bi) 
^ T_|LJ,;/>0|2O8pb(O+g.s.) > (2) 
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where To = (TV - Z)/2 is the isospin of the g.s. of ^O'^Pb. 
The isospin lowering operator T_ acts on all excess neu- 
trons, hence we have 



1 



%/2ro + 1 



|^/Ai?,(209Bi) > = 

|LJ,7r > ®|208pb(0+5.s.) > 
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2j + l 



2To + l 
i^\LJ, V > 



{\lj+\7r>(^\lj-\iy>) 



0+ 



1208 



Ph{0+ g.s.) > 



(3) 



Evidently the outgoing proton either leaves ^"^Pb in its 
g.s. (elastic scattering) or creates a neutron particle-hole 
configuration! L J, ;/ > j/ > as shown in the sketch 
Fig. n for one specific example. 



B. Angular distributions of ^''**Pb(p, p') 

The lAR are described as Breit Wigner like resonance 
terms, their partial decay widths depend on the mix- 
ing coefficients c^jij and on penetrability effects. The 
resonance scattering is nicely described in the book of 
Bohr&Mottelson [23 in a general manner. 

The differential cross section of the ^*'^Pb(p, p') re- 
action on top of an isolated lAR {Ep = E^'j) proceed- 
ing to a state with neutron particle-hole configurations 



\LJ > V > \s described '2^ by 
(2J+1) 



^ L.J 



4^0 (2j + i)i?-;(r*°j)2 



I] I'J' 



/r^.p. 



(4) 



where ^i^^' are phases derived from theory [23 and 
= m{p)m(^°^Ph) / {m{p) + m(^''^Pb)) is the reduced 
mass. The factors o-i!jij irjr arise from the recoupling of 
the angular momenta L, I and spins J,j to /, K 



0'LJ,lj,l'f 



^{-Y'+^'')WijJj'JJK) X 
ZiLJLJ, ^K)Z{ljl'j', ^K), 



(5) 



where K < min{2L,2J,max{2l),max{2j)) is even; the 
recoupling coefficients W, Z are defined by |2^ , see 
appendix B. 

The component with = represents the mean cross 
section (7£ |; for a state \al > it is just the sum of the con- 



figuration strength 



weighted by the s.p. widths, 



(2/ + 1) r-^- 



4f,oElJ{2J+l) (r*°*)2^ 



LJ,lj 



(6) 



For a multiplet of states \al > with spins I — J — 
j, ■ ■ ■ , J + j consisting mainly of one configuration \LJ > 
>, the angle averaged (mean) cross sections a^j on 
top of a specific lAR LJ should be simply related to the 
spin factor 2/ -I- 1, neglecting contributions from other 
lAR. 

In general several configurations are to be considered; 
the formula describing the angular distribution of the 
lAR-pp' reaction (Eq. 0J comprises a sum of products 
for coherent amplitudes c^jy- Hence the relative phases 
of the amplitudes can be determined. 

Each pure neutron particle-hole configuration 
\{LJ,i/ > >)/ > has a characteristic angular 

distribution J^k ^kPk{Q) of even Legendre polynomi- 
als (appendix B). Small admixtures of other neutron 
particle-hole configurations sometimes change the values 
ax considerably, however. 

The highest spin of each configuration \LJ > > 
produce a deep minimum of the angular distribution at 
90°, which is the more pronounced the higher the an- 
gular momenta LJ, Ij are. Similarly, for the lowest spin 
a deep minimum of the angular distribution at 90° is 
found. This gives the chance to assign spins in certain 
cases rather firmly. 

Unfortunately we could not measure at scattering an- 
gles beyond 115° for technical reasons. lAR-pp' angular 
distributions should be symmetric around 90° in the ab- 
sence of direct-(p, p') contributions. Hence an angular 
distribution rising towards forward angles sometimes is 
difficult to interprete. 
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In case a group of states represents a rather com- 
plete subset of particle-hole configurations, the coeffi- 
cients c^j'ip'^'' of the unitary transformation matrix may 
be determined from the analysis of lAR-pp' together with 
the observation of the ortho-normality rule and the sum- 
rule relations. Often there are less free parameters to be 
fitted than the lAR-pp' data provides. So in principle, 
amplitudes of proton particle-hole configurations can be 
determined |20| . 

Crucial for such an analysis is the correct identifica- 
tion of all relevant states and firm spin and parity as- 
signments. 

TABLE I: Parameters for lAR in ^'"'Bi. For some lAR LJ 
and some outgoing waves Ij new values are derived (right- 
most column), see appendix C. The energy dependence of the 
penetrability for the escape widths F^' j' can be globally ap- 
proximated by Eq.^niin the region 10MeV< Epi < 12MeV. 
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[12] 


[12] 
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14.918±.006 


253±10 


20± 1 


8 




ill/2 


15.716±.010 
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16.336±.015 
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16.965±.014 
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17.430±.010 


288±20 
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g7/2 


17.476±.010 


279±20 


45±10 
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keV 
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ps.p. 

^ Ij 

keV 


Pl/2 


11.49 




28.6±3 




28.6 " 


f5/2 


10.92 




4.2±0.4 




5.2±0.4 


P3/2 


10.59 




15.8±1.5 




14.6±0.5 


f7/2 


9.15 




0.6 




0.55±0.1 " 



"from a preliminary analysis of the 4610, 4860, 4867 states with 
spins 8+,8+,7+ 

''doublet lAR, definition of Rj^j valid for isolated JAR only 

'^Ef^ = E^y — Ef^^Yj corresponds to the SSM energy of the par- 
ticle-hole configuration \LJ > >, see Fig. ITl 

''This value was not adjusted since the systematic errors of the 
absolute cross section are about 10-20%. They can be reduced by 
a more complete evaluation of our lAR-pp' data 28]. 

'^from a preliminary analysis of the 5935 state identified to contain 
most of the Z9/2^7/2 8~ configuration 



it compares the cross section on some lAR LJ to that on 
the ill/2 lAR. In fact it essentially takes care of the dif- 
ferent penetrability of the parti cle popu lating each lAR. 
Using the data and analysis of |12. [lj| we derive values 
i?Lj=8, 12, 11 for LJ=g9/2, d5/2, Si/2 lAR, respectively, 
see Tab. in For the doublet d3/2-l-g7/2 lAR we assume a 
factor 20, but we note that the given equations are valid 
for isolated lAR 29, 30] only. 



D. Overlapping lAR 

Eqs. 01 are valid for isolated lAR only. The low- 
est lAR in ^°^Bi are well isolated, but the iii/2 lAR 
is rather weak as can be seen in Fig. ^ where it is en- 
hanced by a factor 10 in order to make it visible at 
all. Hence the tails from neighbouring g9/2 and d5/2 
lAR may interfere with the iii/2 lAR. (The penetrabi- 
lity ratio is i?ggy, , i?(i5/2=8, 12.) Following the formula 
for excitation functions given by (12i|, the g9/2, d5/2 lAR 
have decayed by a factor 40, 25, respectively, from the 
top of the lAR (i;p=14.920, 16.945 MeV, respectively) to 
i?p=15.720MeV, the resonance energy of the iii/2 lAR. 
Since in lAR-pp' the amplitudes are relevant, the popu- 
lation on top of the iii/2 lAR by the neighbouring lAR 
can be still considerable. However, the influence of the 
g9/2 lAR may be neglected since the relative amplitude 
is only of the order of 15%, while for the d5/2 lAR the 
relative amplitude is still about 50%. 

Yet for the iii/2f5/2j iii/2P3/2 multiplets being consid- 
ered, this problem does not apply since there must be an 
allowed entrance channel. For the higher spins only the 
configurations d5/2h9/2, d5/2hii/2 may contribute, but 
the penetrability of the outgoing / = 5 particle is 10 and 
50 times lower than for f5/2 and P3/2, respectively. In 
addition any contribution of these configurations is ex- 
pected to be small. Only for a 3~ state the entrance 
channel d5/2Pi/2 may contribute eventually. 

We conclude that lAR-pp' is a method able to detect 
and analyze even weakly excited neutron particle-hole 
states. 



IV. EXPERIMENTS 



C. Energy dependence of the s.p. widths 

The s.p. widths strongly depend on the angular mo- 
mentum L of the lAR since the outgoing particle has to 
penetrate the Coulomb barrier. Fig. gives an impres- 
sion about the relative values of the penetrability. The 
ill/2 lAR with I — 4 has the weakest penetrability of all 
positive parity lAR we measured. 

We define a penetrability ratio 

^LJ „s.p /(-ptot \2' ^ ' 



We performed experiments on ^°*Pb(p, p') and 
207pb(d, p). The high Q-valuc of the reaction 209Bi(d, 
■^He) prohibited any reasonable experiment with the Q3D 
facility due to the restricted energy range of the acceler- 
ator. 

The data are evaluated by help of the computer code 
GASPAN ■ It allows the deconvolution of spectra into 
a set of peaks with gaussian shape of individual widths 
and exponential tails on a background with polynomial 
shape. The energy calibration takes care of the quadratic 
dependence on the channel due to the effect of the mag- 
netic field. 
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TABLE II: Parameters for the ^''**Pb(p, p') experiment. Tar- 
gets emiched in ^°**Pb to 99.85% were used. The thickness of 
the targets T2, T3, T4 were 98, 245, 353 Atff/cm^; the thick- 
ness of target Tl was determined as 104 n g / cnv^ by compar- 
ison to other targets. 



lAR 


Ep[MeV] E4MeV] 6 


targ 


ets 


# 


runs 


g9/2 


14.920 


3.85 - 6.2 48° - 115° 


Tl - 


T4 


57 


a b 


ill/2 


15.720 


4.05 - 5.85 20° - 115° 


Tl - 


T3 


44 


c d 


jl5/2 


16.355 " 


4.55 - 6.0 66° - 115° 


T2 - 


T3 


22 




d5/2 


16.495 


3.73 - 6.9 36° - 115° 


Tl - 


T4 


39 


f a 


Sl/2 


16.960 


5.00 - 6.9 48° - 115° 


T2 - 


T4 


12 


h i 


d3/2+g7/2 


17.480 ^ 


5.54 - 6.8 84°, 115° 


T2 - 


T3 


12 


k I 



"2 runs at = 54°, 90° covering £^=2.1-3.85 MeV 

'irun at e = 58° covering £;^=6.2-6.65 MeV 

=3 runs at = 105°, 115° covering Ex=3.85 - 4.05 MeV, 

'^Irun at e = 105° covering £;a;=5.85 - 6.18 MeV 

=in addition 16.290, 16.380, 16.290 

■flrun at e = 48° covering £;^=3.65 - 3.73 MeV 

93 runs at e = 48°, 84° covering E^=6.9 - 7.4 MeV 

''1 run at e = 84° for Ea:=3.65 - 5.0 MeV 

*lrun at e = 115° for E^=6.9 - 7.2 MeV 

•'in addition 17.590, 17.610, 17.720 

*2runs at = 84° covering E^=4.7 - 5.54 MeV 

'2 runs at e = 84° covering Ex=6.8 - 7.2 MeV 



TABLE III: Parameters for the ^°®Pb(d, p) experiment with 
the Q3D facility. The deuteron energy was £'^=22.000 MeV 
as for 0. A target enriched in ^^^Pb to 99.86±.04% was 
used. The slits perpendicular to the scattering angle were 
kept open, A$ = ±3°. 



Ex 


scattering 


slit 


# runs 


[MeV] 


angle O 


opening AO 




3.5 - 5.2 


20° 


±0.9° 


1 


3.1 - 7.9 


20° 


±1.5° 


3 


3.1 - 5.5 


25° 


±0.9° 


3 


3.1 - 7.9 


25° 


±1.5° 


3 


3.1 - 5.1 


30° 


±0.6° 


1 


3.1 - 5.2 


30° 


±0.9° 


1 


5.7 - 8.0 


30° 


±0.9° 


2 


3.1 - 8.0 


30° 


±1.5° 
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Here we report on results leading to the detection of 
the main components of the iii/2f5/2 and the iii/2P3/2 
multiplets in ^°^Pb. Other data are being evaluated; the 
raw data (together with excerpts from the runbook) can 
be accessed |2n |. 

A preliminary analysis is in agreement with data from 
ref. ^^,iL,ia,ll, J2, 13, 14, 15j obtained in the 1960s. 
Of course, because of the much higher resolution many 
levels are resolved to be doublets. An important differ- 
ence is the better energy calibration, their energies de- 
viate linearly by about 5-10 keV for the range 4-6 MeV; 
mostly the energies are about 0.2% too low. 

A. ^°®Pb(p, p') experiment with the Q3D facility 

The ^°*Pb(p, p') experiment was performed with a pro- 
ton beam from the Miinchen HVEC MP Tandem accel- 



erator using the Q3D magnetic spectrograph. The bright 
Stern-Gerlach polarized ion source was used with unpo- 
larized hydrogen [T^ IT^ . At beam intensities of about 
900 nA, the target was wobbled with a frequency of 2 sec 
to avoid damage of the lead target. The proton ener- 
gies were chosen according to [13 to match the top of 
the seven lowest lAR in ^"^Bi, namely the g9/2, iii/2j 
ji5/2, d5/2, Si/2 lAR and the doublet-IAR g7/2+d3/2; 
some more energies slightly off-resonance were chosen, 
see Tab. The analyzed particles were detected in an 
ASIC supported cathode strip detector 0, |3 ■ At an 
active length of 890 mm it produces spectra where the po- 
sition of a line is determined to better than 0.1 mm with- 
out systematic errors. With a few exceptions the slits of 
the magnetic spectrograph were kept open, A9 = ±3°, 
A(^ = ±3°. 



B. Experiments on ^°'^Pb(d, p) 

A weak excitation by ^''^Pb(d, p) may help to decide 
some spin and configuration assignments. Therefore, we 
measured the reaction ^'''^Pb(d, p) with the goal to detect 
as low spectroscopic factors (S.F.) as possible. We per- 
formed two measurements, one with the (gone) Buechner 
spectrograph at Heidelberg at large backward angle in or- 
der to eliminate any contamination from light nuclei in 
the spectrum, another experiment with the Q3D facil- 
ity at Miinchen were the deuteron energy was chosen to 
match 2] . 

(a) Buechner spectrograph. In 1969, using the Heidel- 
berg Tandem van de Graaff accelerator, two of us (A. H., 
P. von B.) did a deep exposure of ^°''Pb(d, p) with the 
Buechner magnetic spectrograph gathering 6 mCb of the 
deuteron beam in more than 30 hours. The scattering 
angle was chosen as = 130°. The target was enriched 
to 92%. A short exposure was done to position the line 
from the 3.708 MeV 5~ state properly. The energy range 
was 3.65 MeV< < 5.15MeV. This data was crucial 
for the fit shown in and now is still useful albeit the 
resolution of only 12keV. It has been reevaluated by use 
of the GASPAN code 

(b) Q3D spectrograph. The study of the reaction 
^''^Pb(d, p) was performed with a deuteron beam from 
the Miinchen HVEC MP Tandem accelerator. The high 
performance of the Q3D facility allowed to take 18 spec- 
tra with superior resolution during 30 hours with beam 
intensities of about 600 nA. Tab. IIIII shows the parame- 
ters relevant to the data taking. 

In order to detect even minor contaminations (e.g. 
from ^^Na,^^Cl,'^^Cl) we measured at scattering angles 
6 = 20°, 25°, 30° with different sht openings, see Tablml 
We achieved a peak-to- valley ratio of better than 1 : 10"''' 
which allows the detection of S.F. as low as a few 10"'^ 
in favorable cases. By this means, the amount of the 
impurity isotopes ^"^Pb, ^°*Pb could be measured as 
0.028±.003%, 0.11±.03%, respectively. 

The 5292, 4610keV levels in ^"Spb (Tab. |IV| El are 
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known to be populated by a / = 0, / = 5 transfer, re- 
spectively. The measurement at three scattering angles 
allows to discriminate the transfer of a Z = 0, ^ = 5 neu- 
tron by virtue of a steeply rising slope for the angular 
distribution. This gives a chance to determine the l- 
value for some levels. Other Z-values have about equal 
cross sections for 6 = 20°, 25°, 30°. 



FIG. 2: Spectra of 2°*Pb(p, p') for S^=4.6-5.0 MeV taken 
at = 58°, 72°, 54° on the g9/2, iii/2, <is/2, with targets 
T3, T2, T2 (see caption of Tab. ITTl. respectively. Six levels 
resonate at _Ep=15.72 MeV on top of the iii/2 lAR (black 
fill out); the doublet at 4709, 4711 keV is resolved by the 
computer code GASPAN only. The energies of the iii/2f5/2 
multiplet are given in the middle panel and shown by bars 
above and below; in the lower panel the spins are given, too. 
The counting interval is proportional to ^/Ex and one step 
corresponds to about 0.3 keV. 
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FIG. 3: Spectra of ^°®Pb(p, p') for the iii/2P3/2 multiplet in 
the region =5.0-5.3 MeV. The energies of the multiplet are 
given in the middle panel, the spins in the lower panel. For 
other details refer to Fig. Inland the text. 
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C. Typical spectra for ^"**Pb(p, p') 

In Fig.[21iniwe show some spectra for ^*'^Pb(p, p') taken 
on the ill/2 lAR. For comparison spectra taken on the 
gQ/2, d5/2 lAR are displayed, too. In total we measured 
nearly 200 spectra. We will discuss the excitation of the 
levels at £^=4680, 4698, 4761, 4918, 5275keV and the 
clearly resolved muhiplet at E^^5075, 5079, 5085 keV 
(black fill-out in the spectra taken on the iii/2 lAR, bars 
on the other lAR). 

The 4709, 4711 doublet is resolved by help of the com- 
puter code GASPAN Ip; the distance is found to be 
1.9 keV with an average resolution of somewhat less than 
3.0 keV FWHM for spectra, see Fig.|21 The line contents 
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TABLE IV: Energies for levels excited by ^''**Pb(p, p') but 
not bearing the main strength of the configurations iii/2f5/2, 
iii/2P3/2- Not all of them are also detected by the ^'^^Pb(d, p) 
experiment. The energies from ^''®Pb(p, p') are not yet fi- 
nally evaluated, therefore they are just given as a label with a 
precision of around 1 keV. The dominant excitations by spe- 
cific lAR are shown; for strong excitations the energy label is 
printed boldface, for weak excitations an important lAR is 
given in parentheses. Energies and mean cross sections crgj 
(6 = 20°, 25°, 30°) derived from ^"■'Pb(d, p) are shown. Spins 
from Q and energies from |^ are given for comparison. 
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could be measured quite well using a special option of 
GASPAN (fixed level distances) yielding usable angular 
distributions. 

Some excitations belong to well known levels 
(Tab. llVHV|) . A few weak lines are also clearly identified, 
among them are the 0+ state at 5239 keV identified by 
Pj to have the 2-particle 2-hole structure |2614keV3^ > 
(g)|2614keV3" >, the 0" state at 5280keV separated 
from the 5276 keV 8" state by only 4keV, the 4860, 
4867 keV doublet with spins 8+, 7+ strongly excited on 
the ji5/2 lAR. 

For the shown spectra (Fig. |2 O only a few contam- 
ination lines are present; prominent contamination lines 
start at ~ 5.29 MeV for the spectra taken both on 
the gg/2 and the lAR. A weak contamination line 
is visible in the region 4.76-4.82 MeV on the iii/2 lAR, 
kinematically broadened. 

Most levels in discussion are excited strongest on the 
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ill/2 lAR, the only exception is the 4698 keV 3 state. 
On the ill/2 lAR, the levels at 4680, 4761, 4918, 5079 keV 
are at least four times stronger excited than on any 
other lAR. 



V. DATA ANALYSIS 
A. Excitation energies from ^''*Pb(p, p') 

In Tab. IVII we show the excitation energies derived 
from our measurements of ^°*Pb(p, p'). The spectra were 
calibrated by using around 40 reference energies below 
Ex—6.QMeV and about 25 more reference energies up to 
Ex=7.5MeY mainly from 0, but also from Q, |^; see 
Tab. IIVI IVl for the region of interest. 

We avoided the usage of reference values in cases where 
the identification due to a multiplet structure was un- 
clear or where the cross section was low. In addition to 
the quadratic dependence of the energy from the chan- 
nel in the Q3D spectra, a secondary fit by a third order 
parabola improved the energy calibration considerably, 
see [32J . 

The excitation energies determined from the lAR-pp' 
measurement with errors of about 0.5 keV in general, 
compare well to 0,0,3 within the given errors; the only 
exception is the 5075 level with a discrepancy of about 
two standard errors. 
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B. Excitation functions of 2°*Pb(p, p') 

With a few exceptions, we did not measure excitation 
functions, but selected the energies of all known lAR 
only, see Tab. lAR often excite the states rather se- 
lectively. So we can determine excitation functions in a 
schematic manner. For some levels excitation functions 
were measured in the 1960s ^2 ^M- ^^^^ mention 
them in place. 

The angular distributions were fitted by even Legendre 
polynomials 



^AKPxicosie)) 



(8) 



K 



Odd Legendre polynomials have not to be included since 
the direct-(p, p') reaction does not contribute much in 
most cases. The angle averaged (mean) cross section 
is derived for each lAR LJ and each state \al > as 
cr£j = ^0- We don't quote neither the errors of a^j nor 
the values Ak for K > since the evaluation can be fur- 
ther improved. The errors of the mean cross sections are 
about 5-20%. 

In Fig. 0] we show the excitation functions in a 
schematic manner. For each of the ten states in dis- 
cussion and for each lAR the mean cross section a^j is 
shown. All levels in discussion show a pronounced exci- 
tation by the iii/2 lAR. They have weak counterparts on 
all other lAR. 

In reality due to the low penetrability of the iii/2 parti- 
cle, the cross sections for the g9/2, d5/2,Si/2 lAR must be 
be reduced by the penetrability ratio Rlj—8, 12, 11, (20) 
(Eq. [3 and Tab. in relation to the iii/2 lAR, see 
Tab. I VII Taking into account these values, Fig. ^demon- 
strates that the ten states are rather pure. 



C. Angular distributions of ^°**Pb(p, p') 

In Fig. [SI ini and [7| we show the angular distributions 
for some members of the iii/2f5/2 multiplet and all mem- 
bers of the iii/2P3/2 multiplet. The cross sections are 
shown on a logarithmic scale in nb/sr; the scale of the 
scattering angles is 0° < 6 < 120°, the highest angle 
where we could measure was 115°; below 20° the spectra 
became unusable due to increasing slit scattering. The 
spin assignment is discussed below. 

Calculations for the pure particle-hole configurations 
by Eq. ^ are inserted for the angular distributions (dot- 
ted line) and the angle averaged (mean) cross section erg j 
(dashed line). The absolute value of the calculated an- 
gular distributions has been adjusted to an approximate 
best-fit for the 8~ state of the iii/2f5/2 group and for the 
7~ state of the iii/2P3/2 group yielding a more precise 
value of ^'^^ states with other spins no ad- 

justment has been done except for the energy dependence 
of the penetrability (Eq. [13 • 



FIG. 4: Angle averaged (mean) cross section alj for states 
containing most of the iii/2f5/2 strength {upper panel) and 
iii/2P3/2 strength {lower panel) . The value cr^J for each state 
is shown relative to the maximum of all cross sections of either 
multiplet; the maxima are set equal (upper panel: 4761 6~, 
lower panel: 5085 7~, see tab IVU . At the left and right 
side the energy labels and the spins are given. In order to 
obtain partial widths (Eq. [SJ, for each lAR LJ the mean 
cross section must be reduced by the penetrability ratio Rlj 
given at bottom. 
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For the iii/2P3/2 group there is a general agreement 
of the mean cross section with the calculation, whereas 
for the the iii/2f5/2 group only the states with highest 
spins 7~, 8~ agree with the expectation of a rather pure 
configuration. The 4698 level has a cross section about 
ten times higher than expected. For the 4~,6~ states 
the shape of the angular distributions agrees with the 
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expectation of a rather pure configuration, but the an- 
gle averaged (mean) cross section is around 50% higher. 
For the 5~ state the angular distribution (not shown) 
deviates from a iii/2f5/2 distribution at forward angles 
Q < 60° up to a factor 4. 

Note that the angular distribution of the members with 
the highest spin / = J +j for the configurations iii/2P3/2 
and iii/2f5/2 (Fig. 13 5085 7", Fig. [2 4918 8") are sim- 
ilar, both show the characteristic minimum at 8 = 90°. 
As expected for the lowest spin I = J — j, the 5276 4^ 
state (Fig. ^ exhibits the characteristic forward peaking 
similar as for the highest spin / = J + j. 



FIG. 5: Angular distributions for the 4.71 MeV doublet part- 
ner with spin 4~ and the state with spin 6~. The mean cross 
section for a pure configuration iii/2f5/2 calculated by Eq. |S| 
is shown by a dashed line; the corresponding angular dis- 
tributions calculated by Eq. |l]is shown by the dotted curve. 
Both calculated curves are corrected for the energy dependent 
penetrability by Eq. ^ [TSl 
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FIG. 6: Angular distributions for the iii/2f5/2 states with 
spins 7~,8~. For the 4918 state [l^ measured an excitation 
function at a scattering angle of = 158°. The cross section 
on top of the JAR with cr^j = 20 ± 2fib/sr agrees with the 
value near Q = 22° assuming symmetry around O = 90° . For 
other details see Fig.|^ 



s. 



I'M" 



FIG. 7: Angular distributions states for the iii/2P3/2 states 
with spins 4~ , 5~ , 6~ , 7^ . For details see Fig. |H| 
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D. Data from '^°''Ph(d, p) 

Tab. lVfl gives the results from our ^"^Pb(d, p) measure- 
ment for the ten levels in discussion. The precision of the 
excitation energies is slightly better than that from the 
lAR-pp' measurement. This may be partly explained by 
satellite lines due to an atomic effect which deteriorates 
the 208pb(p, p') but not the 207pb(d, p) spectra 
The energy of the 5075 level with a deviation of about 
2 a from ^4] agrees with the result from the lAR-pp' mea- 
surement. Some levels have a vanishing ^''^Pb(d, p) cross 
section, especially the 4680, 4918, 5085 keV levels. 

In Tab. II VI Ivl we add the information derived from the 
Q3D experiment on ^°^Pb(d, p) for the region 4.5MeV< 
Ex <5.3MeV for levels not belonging to the ten states in 
discussion. 



VI. RESULTS AND DISCUSSION 
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A key assumption of the shell model is the existence of 
rather pure 1-particle 1-hole excitations if the spacing of 
the model configurations is higher than the average ma- 
trix element of the residual interaction. We verified this 
assumption for multiplets excited by the weakest positive 
parity lAR in ^°^Bi. The extremely weak excitation of 
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the lowest 2-particle 2-hole states (especially the 5239 0+ 
state) adds confidence in the shell model. 

In the SSM four multiplets iii/2Pi/2i iii/2f5/2i 
iii/2P3/2j iii/2f7/2 ^-re expected to be built with the «ii/2 
particle at energies £;^=4.210, 4.780, 5.108, 6.550 MeV, 
respectively, see Fig. ^ The goal of this paper is the 
identification of the iii/2f5/2i iii/2P3/2 neutron particle- 
hole multiplets; the states containing the major strength 
of the configuration iii/2Pi/2 are known 0, S HOl; see 
also Tab. IVIII for the iii/2f7/2 group no measurement 
has been done (Tab. Hll). 

We encounter several problems with the lAR-pp' 
method, 



the s.p. widths F^^' for the outgoing particles 
(Jj =Pi/2j ^5/27 P3/2) are only known to about 10%, 



• the energy dependence of the s.p. widths is rather 
strong and its slopes are not well known. In the 
region of interest a systematic error of around 20% 
has to be assumed, 

• the mean cross section (t£ j of a state bearing the 
main strength of a configuration with angular mo- 
menta I is strongly affected by the presence of a 
slight admixture of a configuration with lower an- 
gular momentum I — 2 due to the higher penetra- 
bility, 

• the anisotropy of the angular distribution is highly 
sensitive to the mixture of the configurations. This 
is especially true for a small admixture of a con- 
figuration \lj > with J = ^ -|- 1/2 to a configuration 
with j = I — 1/2. In rare cases the anisotropy co- 
efficients aK/ciQ, K ~ 2,4,6,8 allow to determine 
the relative mixing of configurations \LJ > > 
with ; = 1,3,5, j = Z± 1. 

• the angular distribution of states with natural par- 
ity often exhibit strong forward peaking via the 
direct-(p, p') reaction. 



widths F*'^' , F^'^' of the two weakest 



the s.p 

lAR are only known to 70% 



FIG. 8: In the upper panel, the centroid excitation en- 
ergy (ea im and the total configuration strength \c{^j^ij\'^ 
are shown. The centroid energies agree with energies Ex = 
4.210, 4.780, 5.108 MeV of the SSM for the three configu- 
rations iii/2Pi/2, iii/2f5/2, iii/2P3/2- The total configuration 
strengths are close to unity using the s.p. widths from Tab.Q] 
In the lower panel the excitation energies Ex and the partial 
strength \cLj,ij\'^ for the states bearing the main strength of 
the Pi/2, f5/2, P3/2 configurations are shown. The cross sec- 
tions afj from Tab. IVll are converted to partial strengths by 
eq|S|with s.p. widths from Tab.^Iand corrected for the energy 
dependence of the penetrability f Eg. 1^ 1101 . For the iii/2Pi/2 
multiplet the sum of the partial strengths of the three 5~ 
and the three 6~ states at 4.0MeV< Ex <4.5MeV is shown. 
The value for the 4698 3~ state (left out in determining the 
centroid energy) is reduced by a factor 3. Both this 3~ and 
the neighbouring 5~ state are affected by the direct-(p, p') 
reaction yielding a much larger value than unity. The SSM 
expects a value Ic^j,;-,]^ — 1 (dotted line). 
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A. Centroid Energy 
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The states strongly excited by the iii/2 lAR can be 
grouped into three parts, the first part at « 4.2 MeV 
belongs to the group of states strongly excited by the 
g9/2 lAR mainly, the second part at ~ 4.6-4.8 MeV 
(except for the 4698 3~ state) and the third part at 
Ex ~ 5.1 MeV are excited by no other lAR strongly. The 
number of states in the second and third group is six and 
four. (In the following discussion, the 4698 3^ state is 
omitted since it is affected by a large direct (p, p') contri- 
bution starting at least at scattering angles E^ < 115°, 



the maximum angle for the Q3D magnetic spectrograph 
in the current shape.) 

We derive the centroid energies from the excitation 
energies E^ and the angle averaged (mean) cross sections 
alj of the remaining five and four states given in Tab. I VII 
First, we correct the mean experimental cross sections 
by the large change of the penetrability for the outgoing 
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particles across the range of excitation energies, 

dl'j^p\Ef{LJ))afj. (9) 

The energy dependence of the penetrabiUty is calculated 
|25j| and can be linearly approximated by 

p{Ef{LJ)) = 1 + 3.5 ' "''^ . (10) 

The approximation is reasonable near the SSM excitation 
energy of the particle-hole configurations \LJ > (g)|Zj > 
for all relevant values of Ij. (The slope varies between 
2.0 and 6.0 for 8MeV< E^, < 14MeV and / = 1,3,5, for 
higher Z-values the slope always becoming steeper.) 

We then calculate the centroid energy by the weighted 
mean 

< E^iLJ) (LJ) (11) 

al 

Fig. IHl upper panel shows the centroid energies; clearly 
they coincide with the prediction of the SSM model. We 
note that the adjustment of the s.p. widths discussed 
in appendix C does not affect the values of the centroid 
energies much. 

The ratio of the sum of the angle averaged (mean) cross 
sections alj (converted to configuration strengths by use 
of Eq. El for the groups related to the Pi/2, P3/2- 
particle compares well with the calculated ratio derived 
from the s.p. widths of Tab. We note that the shown 
deviations of the configuration strengths from unity are 
already lessened by improved s.p. widths as discussed in 
appendix C; using the values from 12^ .14] the deviations 
are larger, but still in the range 10-30%. 

Both the agreement of the centroid energies and the 
approximate agreement of the configuration strengths 
with the SSM expectation favour the identification of the 
states shown in fig. I2I8I and Tab. IVII as the members of 
the iii/2f5/2 and iii/2P3/2 multiplets. 

B. Proton particle- hole configurations 

lAR-pp' is sensitive to neutron particle-hole configu- 
rations only (Eq. |3Jl. Yet with robust values of the 
s.p. widths and reasonable functions for the energy de- 
pendence of the penetrability, a missing configuration 
strength can be determined. In case the unitarity of 
the truncated configuration space can be trusted, by this 
means even amplitudes of proton particle-hole configu- 
rations can be determined. An example is give in ap- 
pendix A. 

The configurations f7/2Si/2, iii/2P3/2 have similar SSM 
energies 5.011, 5.108 MeV, respectively, including the 
Coulomb shift Ac = -0.30 ± 0.02 MeV (appendix A). 
Hence an admixture of the proton particle-hole configu- 
ration f7/2Si/2 to the neutron particle-hole multiplet can 
be expected for the state with spin 4~ at Ex=5.276MeV. 



It does not change the angular distribution of lAR-pp', 
but reduces the mean cross section only. We derive an 
upper limit of 20% for the f7/2Si/2 component. 

Similarly the configuration f7/2d3/2 with the SSM en- 
ergy 5.462 MeV may change the structure of the states 
with a dominant iii/2P3/2 configuration. Evidently the 
states with spins 6^, 7~ are not affected due to the high 
spin; for the states with spins 4~,5~ we derive upper 
limits of 20% for the f7/2d3/2 component. 

The principle of unitarity for a rather complete set of 
shell model configurations can be used to predict one 
4~ states with dominant configuration ij/2Si/2 in the re- 
gion Ex — 5.0 ± 0.2 MeV as has been done successfully 
for the N=82 nucleus ^'^''Ce jHHil. Several candidates 
can be found fTab. Hvl FV)! . They should be weak on all 
lAR eventually except for the iii/2 lAR and have weak 
^°''Pb(d, p) and vanishing ^*'^Bi(d, '^He) cross sections. 

C. The iii/2Pi/2 particle-hole multiplet 

The iii/2Pi/2 strength for spin 5^ is split up into three 
fractions, whereas the 6~ strength is contained in one 
state mainly. The lowest 6^ state at i?2;=3919keV con- 
tains less than 1% of the iii/2Pi/2 strength as shown es- 
pecially by the absence of a detectable ^°^Pb(d, p) cross 
section both with the Buechner and the Q3D experiment. 
The centroid energies agree well with the prediction by 
the SSM model, see Fig.|Sl The ratio of the total strength 
for the 5~ and 6~ states does not relate as expected from 
the SSM as 11:13. This hints to a considerable part of 
the iii/2Pi/2 strength in a higher 6~ state. 

Pure iii/2Pi/2 states should have isotropic angular dis- 
tributions, but all six angular distributions deviate from 
isotropy. Small admixtures of other configurations like 
iii/2f5/2, iii/2P3/2, iii/2f7/2 may explain the anisotropy. 

For the fit shown in appendix A only few data for the 
configuration iii/2Pi/2 were used, namely the 4206 state 
to bear the overwhelming strength and and a roughly 
equal partition of the iii/2Pi/2 5~ strength into the 4125, 
4180, 4296 states. The mean cross sections now deter- 
mined more precisely are in general agreement with the 
fit. It thus gives confidence into the fitting procedure. 

The 4206 state has been already identified by and 
used to determine the total width of the iii/2 lAR, see 
Tab.n 

D. The iii/2f5/2 particle-hole multiplet 

Tab. IVll fupper part) gives the mean cross section for 
the states containing the major part of the iii/2f5/2 con- 
figuration, see also Fig. |S| The states at 4680, 4698, 
4709, 4711, 4761 keV have rather firm spin assignments 
with spins 7~, 3~, 5~, 4~, 6~ according to P|. These 
states - except for the 3~ state at i?a:=4698keV again - 
have an angular distribution which can be explained by 
a rather pure iii/2f5/2 configuration, see Fig. 
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We approximated the angular distribution by calcula- 
tions for the pure configuration with a common factor. 
According to the theory Q this factor is described by 
the total width r*"*^^ which has been measured by 

and the s.p. widths T^^^'^^j -'^/^/2' ^P3/2 determined by 
[l^ : the energy dependence is calculated (2^. In total 
the systematic uncertainty is about 20%. We used the 
adjusted values for the s.p. widths (Tab.|ll). We remark 
that the determination of the s.p. widths is complicated 
since they can be determined only as the product F^j 
for the lAR and V^'^^' for the outgoing particles, see Eq.21 
in addition the energy dependence of the penetrabilities 
is not well known. 

Since the states with the main configuration iii/2f5/2 
and spins 4~, 5~, 6^, 7^ may mix with the configurations 
iii/2P3/2 which have a much larger s.p. width T" "^' due 
to the 1=1 wave instead of 1=3, even a small admixture 
changes the angular distribution much. Seemingly this 
is the case for the 4~,6~ states at i?2;=4711, 4761keV, 
respectively, see Fig. |S1 El hence the sum of the mean 
cross section according to Eq. is larger than unity. 

(a) 4918 8~. The state at i;^=4918keV is excited by 
the ill/2 lAR solely. A detection on the ji5/2 and d5/2 
lAR yields cross sections a factor 10 lower, see Fig.^ The 
•^*'^Pb(d, p) cross section is vanishing small, see Tab. I VII 
The agreement of the angular distribution with the cal- 
culation for a pure iii/2f5/2 configuration is remarkable, 
see Fig. The slight deviation may be interpreted by 
an admixture of the configuration iii/2f7/2- The absence 
of a sizable excitation by any other IAR corraborates the 
spin assignment. 

At a scattering angle of 158°, the resonance is rising 
by a factor 18.0 over the direct background ^|. This 
fact corroborates the assignment of an unnatural parity. 

(b) 4680 7^. The angular distribution agrees with a 
pure iii/2f5/2 configuration; the slight deviation may be 
explained by an admixture of iii/2f7/2- 

(c) 4~. A weak iii/2P3/2 admixture explains 
the augmented cross section (Fig.|31) by the much higher 
penetrability of the P3/2 particle. A weak excitation by 
the ^°^Pb(d, p) reaction is consistent with a sizeable ex- 
citation by the g9/2 IAR (Fig.gjl. 

(d) 4761 6". A fraction of about 10% of the 6" 
iii/2Pi/2 strength in the 4761 keV state relieves both the 
augmented mean cross section (Fig. [SJ and the discrep- 
ancy found while discussing the iii/2Pi/2 strength above. 
It is consistent with the detected ^°^Pb(d, p) reaction; 
both the Buechner and the Q3D data can be explained 
by a 0.10±0.04 iii/2Pi/2 admixture. 

(e) 4'^09 5~. The deviation of the angular distri- 
bution at forward angles can be explained by a direct- 
(p, p') component; it is consistent with the assignment 
of natural parity. Seemingly an admixture of g9/2Pi/2 or 
iii/2Pi/2 is small; it is consistent with the smaller cross 
section for ^°^Pb(d, p) in relation to the 4711 doublet 
member. 

(f) 4698 3-. The 4698 3" state is excited at forward 



angles ten times stronger as predicted by the SSM, but 
from the excitation functions of ref.|l3l| we derive upper 
limits for the backward angles 150°, 170° which are con- 
sistent with the pure iii/2f5/2 configuration in contrast 
to the forward angles symmetric to 90°. The state is 
also known to have sizable g9/2P3/2 ^^id d5/2Pi/2 compo- 
nents 20]. The excitation by the ^°^Pb(d, p) reaction is 
consistent with a rather strong d5/2Pi/2 component. 

A possible alimentation on top of the iii/2 IAR via 
the exit channel d5/2Pi/2 may change the angular dis- 
tribution due to the higher penetrability of the outgoing 
Pi/2 particle. The rather strong direct-(p, p') component 
contributes in addition. Therefore the interpretation of 
this state is complicate. 

The angular distribution for the 4.70 MeV level shown 
by [1^ Il3 | is interpreted incorrectly by the authors. 
Namely the resolution of about 35keV was insufficient 
to resolve this state from the neighbouring multiplet at 
4680, 4709, 4711 keV. So the strong excitation by the 
ill/2 IAR is not due to the excitation of the 3^ state 
alone, but at least equally to the 7~, 5~, 4~ multiplet 
around it. So the surprise about the strong excitation of 
the "4.692 MeV" level [13 is solved. 

E. The iii/2P3/2 particle- hole multiplet 

The angular distributions of the four states containing 
most of the iii/2P3/2 strength is shown in Fig. [7| Cal- 
culations for spins 4~, 5~, 6~, 7~ are inserted. Tab. I VII 
(lower part) gives the mean cross section for the triplet 
levels at 5075, 5079, 5085 and the 5276 level. Compar- 
ing the cross sections for the resolved triplet levels at 
e = 90°, 22° to the data points at 6 = 90°, 158° (ie. 
symmetric to 90°) from the excitation function of the 
5.071 MeV level unresolved by [l3 we find agreement 
within 10%. This shows that the direct-(p, p') contri- 
bution is low. 

(a) 5085 7^. The 5085 state is assumed to have spin 
7^ 4]. Its angular distribution is well fitted by assum- 
ing a pure iii/2P3/2 configuration and very similar to 
that from the iii/2f5/2 configuration with the highest spin 
I = J + j . A preliminary analysis of more data desig- 
nates the 8^ member of the g9/2f7/2 multiplet as a state 
at i?3;=5936keV. It exhibits a similar steep rise of the 
angular distribution towards forward angles indicating a 
rather pure neutron particle-hole configuration with spin 
I — J + j, too. 

(b) 5075 5~, 5079 6". The 5075, 5079 states of the 
triplet are assigned spin 5^, 6~. A reverse spin assign- 
ment fits worse, since the mean cross section of the 5079 
level is about 20% higher, see Tab. EH The 5075 and 
5085 states are excited sizable on both the d5/2 and S1/2 
IAR (the 5085 state also on the d3/2-l-g7/2 doublet IAR). 
This may be due to a considerable direct-(p, p') cross 
sections and corroborates the assignment of natural par- 
ity spins in contrast to the low cross section of the 5079 
state on all other IAR, see Fig. ^ 
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In the excitation functions for the scattering angles 
90°, 158° the cross section is rising by a factor 10.0, 13.7 
over the direct background, respectively. This fact may 
hint to a small contribution from direct- (p, p') for the 7~ 
state. 

(c) 5276 4^. The missing 4~ member is identified as 
the 5276 keV state. It is strongly excited by the \ii/2 lAR, 
but only weakly on all other lAR, see Fig. 21 The angular 
distribution is well described by a pure iii/2P3/2 configu- 
ration, see Fig. [7| The cross section is somewhat higher 
than expected, see Fig.El Only a complete fit of all levels 
participating in the configuration mixing with \gQ/2 > 
> and |jii/2 > (XijO > s-nd another readjustment of 



the s.p. widths will solve the problem. 

(d) Information from '^°'^Pb(d, p). The 4680 7", 
4918 8", 5085 7" states have vanishing ^°'^Ph{d, p) cross 
sections corroborating the spin and configuration assign- 
ments. We explain the excitation by the ^°^Pb(d, p) 
reaction for the 5075 5^ state by a weak iii/2Pi/2 ad- 
mixture, for the 5079 6~ state by a weak iii/2Pi/2 ad- 
mixture, for the 5276 4~ state by a weak g7/2Pi/2 ad- 
mixture. The g7/2Pi/2 admixture of the 5276 4~ state is 
corroborated by the excitation on the d3/2+g7/2 doublet 
lAR, see Fig. H 



TABLE VI: Energies, spins and cross sections for the ten states in the 
range 4.6 MeV< <5.3 MeV discussed in the text with configurations 
iii/2f5/2 (upper part), iii/2P3/2 (lower part). The energies and the mean 
cross sections alj are determined from the ^''^Pb(p, p') experiment. The 
cross sections a^j on top of the iii/2 lAR are corrected for the energy 
dependence of the penetrability by Eq.|Hl the cross sections on top of the 
g9/2, d5/2 lAR are reduced by the penetrability ratio .Rgg^j i -^^5/2=8' 12 
(Eq.EJ. Cross sections for pure iii/2f5/2 and iii/2P3/2 configurations are 
calculated from Eq.|S|with |ciii/2/5/2p ~ 1 respectively |ciij^/2P3/2 P ~ 1 
using s.p. widths from Tab.E](col. 11). From ^''^Pb(d, p) performed with 
the Q3D facility, energies (col. 2) and cross sections (j(~ 25°) are derived, 
too. Spins from ^ and energies from l3i iJl &re given for comparison. 



K K spin spin K K a(25°) ^Hj/Rlj <tIj / Rlj remark 

keV keV keV keV keV fib/sr jib/sr jib/sr fib/sr fib/sr 

(P,P') (d, p) (d, p) (p, p') (p,p') (p, p') (p, p') 

on g9/2 on on iii/2 on d5/2 



(a) 


(a) 


(a) 


i 


i 


i 


n — 


(a) 


(a) 


(a) 


calcul. 


(a) 


(a) this work 


4680.3 




7- 


(7-) 


4680.7 


4680.310 




< 2 


0.2 


16 


16.2 


0.3 




±0.5 








±0.5 


±0.250 
















4698.5 


4698.40 


3- 


3- 


4698.4 


4698.375 


4697.9 


800 


1.2 


45 (b) 


6.6 


1.6 


(b) see text 


±0.3 


±0.15 






±0.5 


±0.040 


±0.1 














4709.4 




5- 


(5-) 


4709.5 


4709.409 




10 


1.7 


11 


10.5 


1.4 




±0.8 








±3.5 


±0.250 
















4711.2 


4711.0 


4~ 


4- 




4711.300 




15 


0.5 


15 


8.6 


0.9 




±0.8 


±0.6 








±0.750 
















4761.9 


4762.1 


6" 


6" 


4761.8 


4761.800 




7 


0.5 


19 


12.4 


0.3 




±0.5 


±0.4 






±0.5 


±0.250 
















4918.8 




8" 




4917.6 






< 2 


0.1 


15 


16.2 (c) 


0.2 


(c) adapted. 


±0.4 








±1.5 
















see text 


5074.6 


5074.8 


5- 




5073.7 


5075.800 




9 


0.6 


32 


34 


0.9 




± .5 


±0.4 






±1.5 


±0.200 
















5079.8 


5079.8 


6" 










5 


0.5 


40 


40 


0.5 




± .6 


±0.7 
























5085.3 




T 


(7-) 


5084.7 


5085.550 


5085.7 


< 2 


0.5 


46 


46 (d) 


1.0 


(d) adapted. 


± .4 








±1.5 


±0.250 


±0.2 












see text 


5276.4 


5276.2 


4" 




5277.1 






70 


0.3 


26 


27 


0.5 




± .5 


±0.2 






±1.5 



















VII. CONCLUSION 

The shell model is verified to explain the structure of 30 
negative parity states in ^"^Pb below i5a;=5.3 MeV by 1- 



particle 1-hole configurations, 10 states more than in the 
first derivation of matrix elements of the residual interac- 
tion by 20]. The states containing the major strength of 
the configuration iii/2Pi/2 were measured. Amplitudes 
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of the configuration iii/2Pi/2 obtained by an update of 
the fit done by |20l | are verified to be approximately cor- 
rect, see appendix A. 

The ten states containing the major strength of the 
multiplets iii/2f5/2 and iii/2P3/2 identified. All states 
have one dominant shell model neutron particle-hole con- 
figuration except for the iii/2f5/2 member with the low- 
est spin 3~. Some minor admixtures of other configu- 
rations derived from the analysis of ^''^Pb(p, p') are con- 
sistent with results from ^°^Pb(d, p). The detection of 
the members with the highest spins from the iii/2f5/2 
and iii/2P3/2 group (and of g9/2f7/2, too) gives hope to 
find even the iii/2f7/2 group members with spins 8~ and 
9~ expected at an energy =6.550 MeV which might 
be rather pure. 

The clear identification of the iii/2f5/2 and iii/2P3/2 
group and the more carefully measured angular dis- 
tributions of the states containing iii/2Pi/2 strength 



will help to refine the derivation of a more complete 
shell model transition matrix extending the configuration 
space up to w 5.2 MeV similar as done by |23|, at 
least for the higher spins. Admixtures of proton par- 
ticle-hole configurations can be obtained in principle by 
the assumption of a rather complete subshell closure and 
the observation of the ortho- normality rule and sum-rule 
relations; this fact becomes more relevant since for the 
higher proton particle-hole configurations there is no tar- 
get for transfer reactions of the type ^°^Bi(d, ^He). 

The goal to determine of matrix elements of the ef- 
fective residual interaction among particle-hole configu- 
rations in ^"^Pb can be approached better than done by 
2Q] due to the higher quality and larger amount of ex- 
perimental data. The evaluation of existing data from 
our measurements of ^°^Pb(p, p') and ^°^Pb(d, p) will 
allow to extend the configuration space up to eventually 
E^ w 6.1 MeV. 



TABLE VII: Update of the fit from Unitary transforma- 

tion llc^j'/j"''^'!! of the shell model particle-hole configurations below 
Ex =4.5 MeV to the states \al > with spins 4~,5~,6~. The errors 
of the amplitudes are of the order of 0.01 for amplitudes close to |c| = 1 
and up to 0.20 for jcj ~ 0. Footnote: (a) A sizable admixture in the 
order of about |c| = 0.1 of g9/2hg/2 and g9/2hii/2 is needed to fit the 
angular distribution; it depends on the component as from the fit of the 
angular distribution by da{&)/dil — ^^^''''^'^ aKPKicos(0)). 



ExikeV) 


spin 


g9/2Pl/2 


g9/2f5/2 


g9/2P3/2 


g9/2f7/2 


ill/2Pl/2 


h9/2Sl/2 


h9/2d3/2 


3475 


4~ 


+.985 


+.060 


-.280 


-.013 




+.050 


-.176 


3946 


4" 


-.050 


+.293 


-.030 


.000 




+.937 


+.118 


3995 


4" 


-.110 


+.984 


-.065 


.000 




-.389 


+.018 


4262 


4" 


-H.050 


+.070 


+.569 


.000 




+.182 


+.559 


4383 


4~ 


.000 


+.037 


+.863 


.000 




+.100 


-.349 


3192 


5" 


+.780 


+.350 


+.220 


-.100 


-.150 


-.230 


+.170 


3709 


5" 


-.430 


+.491 


-.130 


.000 


-.300 


-.520 


+.400 


3960 


5" 


-.010 


+.690 


.000 


.000 


.000 


+.720 


.000 


4125 


5" 


-.050 


-.340 


+.270 


.000 


-.440 


+.330 


+.610 


4180 


5" 


.000 


+.015 


+.590 


.000 


+.720 


-.130 


+.250 


4292 


5" 


-.050 


+.150 


+.620 


.000 


-.400 


-.100 


-.600 


3919 " 


6~ 




+.981 


-.062 


+.119 


+.110 




+.137 


4206 


6" 




-.222 


+.045 


-.010 


+.960 




-.326 


4383 


6" 




-.207 


-.338 


.000 


+.235 




+.900 


4480 


6" 




-.083 


+.905 


-.032 


+.231 




+.401 



APPENDIX A: UPDATE OF THE FIT OF 
STATES IN 208p3 BELOW £^=4.5 MEV FROM 
lAR-PP' DATA 

Tab. rVIll presents the update of the fit shown in 
using the same data base, namely angular distribution 
measurements of ^*'^Pb(p, p') near the gg/2 lAR [s^ (see 
also an edited version in ^°''Pb(d, p) data from the 

Buechner experiment as described in the text, and other 
data from Hi, h ut in addition data from the ^°^Bi(d, '^He) 
experiment pll | done in 1981. 

The results for spins 2^,3^,7^ are only slightly 



changed by a readjustment of the s.p. widths and there- 
fore not shown here. The errors are not shown, but of 
the order of 0.01 for amplitudes close to |c| = 1 up to 
0.20 for |c| Ri 0. The detailled discussion is complicated, 
but foreseen to be done in a future publication. The er- 
rors are similar to those in 20] since the data base is 
identic except for the new ^"^Bi(d, '^He) data. The es- 
sential difference of the update from 20] consists only in 
a few other state identifications and some interchanged 
spin assignments. 

The centroid energies derived from this fit agree well 
with the predictions of the SSM fTab. NTT^i . For the 
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proton particle-hole configurations we derive a Coulomb 
shift of Ac = -0.30 ± .02MeV. 



APPENDIX B: W-, Z- AND ANISOTROPY 
COEFFICIENTS 

For the programming of Eq.^in modern computer lan- 
guages we give the definition of the W- and Z-coefficients 
in terms of 3j- and 6j-symbols. The H^- coefficient is de- 
rived from the 6j-symbol as [26L 

Winnhlujsh) = (-1)^-1 +^^+'=+'1 . (Bl) 

The Z-coefficient is converted from the definition by 
[2^ with W- and Clebsch-Gordon coefficients as 



Z{abcd; ef) = ^ {2a + 1)(26 + l)(2c -t- l)(2d + 1) 

Examples of the anisotropy coefficients ax /ao for pure 
particle-hole configurations \LJ > > calculated 

from Eq|Hl are shown in Fig. |2| They vary in a system- 
atic manner with the angular momentum and spin of the 
particle LJ and the hole Ij. For the lowest and highest 
spin I ^ J ± j the angular distribution has a deep min- 
imum at O = 90° as can be derived from the values of 
the anisotropy coefficients aK/ao- 

FIG. 9; Anisotropy coefficients a2/ao,a4,/ao, of the angular 
distribution for the particle- hole configurations \LJ > (8)|/j > 
with a g9/2, ill/2, ji5/2 particle coupied to a f5/2 hole. The val- 
ues are connected from the lowest to the highest spin / — J±j. 
The configuration iii/2P3/2 with spins — 4~,5~,6~,7~ 
(marked explicitly) has 04 = 0. 
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TABLE VIII: Centroid energies derived from the fit 
fTab.lVTTIl. 





g9/2Pl/2 


g9/2f5/2 


g9/2P3/2 


ill/2Pl/2 


h9/2Sl/2 


h9/2d3/2 




MeV 


MeV 


MeV 


MeV 


MeV 


MeV 


SSM 


3.41 


3.98 


4.31 


4.21 


4.21 


4.56 


fit 


3.40 


3.93 


4.32 


4.18 


3.92 


4.25 



APPENDIX C: IMPROVED S.P. WIDTHS 

The values of the s.p. widths F^j for the lAR LJ 
in Tab. were derived by 0| from the analysis of the 
excitation functions. The values of the s.p. widths 
for the outgoing particles were derived by [T3 |. 
They divided the levels below ~ 4.5 MeV excited 
strongly by the gg/2 lAR into three groups assigned to 
bear the main strength of the configurations g9/2Pi/2 5 
g9/2f5/2, g9/2P 3/2- This is good to first approximation 
(see Tab. IVIll in the appendix A). As we have detected 
similar groups for the iii/2 lAR we can improve the val- 
ues. 

Using the s.p. widths F*^-^' from Tab. HI the com- 
parison of the mean cross sections for the states < 
4.5 MeV mainly excited by the gg/2 lAR to the states 
4.5MeV< Ex <5.3 MeV almost solely excited by the iii/2 

lAR allows to derive an improved value of Ff'^', . We 

^ ni/2 

find a value of 2.2 keV with an error of about 10%, an 

improvement from jl2lll4| by a factor 5. 

More precise values of F^^' can be derived by consid- 
ering states which contain essentially only one SSM con- 
figuration. With the g9/2 particle there are four states, 
with the ill/2 particle there are six states; in addition 
the sum of the configuration strength for the in /9P1 79 
configuration is known due to the analysis of |23| (see 
Tab. IVII(I together with our new Q3D data. 

The lowest 4~ state at £^a;=3.475MeV is a rather pure 
g9/2Pi/2 configuration with a considerable g9/2P3/2 ad- 
mixture @ and less than 1% admixture from g9/2f5/2j 
§9/2^7/21 see Tab. lVIll The 4480 6~ state bears the main 
part of g9/2P3/2 configuration with about 20% admixture 
from other configurations not related to the gg/2 lAR. 
The 3919 6^ state bears the main part of gg/2f5/2 con- 
figuration with about 1% admixture of gg/2P3/2; similarly 
the 3995 4^ state bears the main part of gg/2f5/2 configu- 
ration with 1.5% admixture from gg/2Pi/2i g9/2P3/2- Due 
to the much higher penetrability of the / = 1 particle in 
relation to the I = 3 particle, in effect the 1-2% admixture 
changes the mean cross section by about 15%. 

Fig.|Slshows the partial strength for the ten states with 
a iii/2f5/2 or iii/2P3/2 component in the upper panel. 
The sum of the values for the states with spins 5~,6~ 
bearing the essential iii/2Pi/2 strength are shown, too. 

We adjusted the s.p. widths Ff^-^' thus that a unitarity 
close to unity is obtained simultaneously for the above 
mentioned states strongly excited by the gg/2 lAR (3475, 
3919, 3995, 4480), and the states strongly excited by the 
ill/2 lAR. Here we excepted the states 4698, 4709, 4711, 
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4760 (see discussion below) and included the sum of the 
iii/2Pi/2 configuration strength obtained. 

The systematic error in the absolute cross sections is 
around 10%, so we stick to the value Tpf^^ given by [T^ . 

but derive a slightly lower value rpg^^2=14.6keV at an 
energy i<^p/ = 10.59MeV, and a considerable higher value 



rJ-P^^=5.2keV at an energy £:p/ =10.92 MeV, see Tab. HI 

Other s.p. widths. From a preliminary analysis of some 
states, in relation to other lAR rather strongly excited 
on the ji5/2, g9/2 lAR, we derive values for ^"j'^^^^, ^}'^/2 
in a similar manner (Tab.P). 
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